The effect of high magnetic fields on the electronic structure of density-wave systems is examined. Small electron and hole pockets, caused by the density wave, may be obliterated by the magnetic field. The phenomenon is highly anisotropic, changes drastically the energy spectrum and may considerably enhance the density-wave critical temperature in some cases. The theory applies to recent experiments in niobium trise1enide and in the TMTSF salts.
INTRODUCTION
The behavior of density waves (OW) in high magnetic fields is currently an active subject of investigation.
l -
IO In several spin-density wave (SOW) systems,1-3 in particular (TMTSF)2X where X = PF 6 or C10 4 , the application of pressure destroys the SOW. An applied magnetic field perpendicular to the axis of high conductivity restores the SOW at high pressures.
In NbSe 3 , a charge-density wave (COW) system, a magnetic field perpendicular to the highmobility axis produces 4 ,5 a large increase in the resistance of the low-temperature phase T < T2 ' 59K.
Gor'kov and Lebed 6 showed that for a simple anisotropic metal with two open Fermi surface sheets (corrugated planes), the tendency to SOW formation is enhanced by a magnetic field applied in a direction parallel to the sheets. Heritier ~~.7,8 generalized the theory by including a magnetic-field dependence of the SOW q-vector. They found a cascade of first-order transitions that could be observed as the magnetic field is increased. 3 These theoretical contributions focused only on the instabilities of the normal phase, i.e., they studied the divergences of the generalized susceptibilities a in the normal phase. Friedel' discussed these models in semiclassical terms, 'o'Ihich is only valid for weak magnetic fields. He argued that the same effects should be observed in nearly stable COWs. In this contribution we analyze the effect of high magnetic fields on the electronic structure of quasi-one-dimensional (010) systems with stable COWs or SOWs. We also discuss the effect of the magnetic field on the critical 10 temperatures.
THE MODEL
The OlD model used here consists of a tetragonal lattice with constants a 1 which connects (nests) the two sheets of Fermi surface. The stable DW is either a CDW or a SDW, depending on whether the electron-phonon or the repulsive electron-electron interaction domi nates. 11 The DW is characteri zed by a gap order parameter T. Because of the extra periodicity induced by the DW, the electronic states at k and at (k+q) are mixed by a matrix element proportional to ,.
The OW quasi-particle spectrum of the system is given by E_ .. For t" = 0 this energy spectrum has a gap 2, at the center of the band, i.e. at the Fermi level. The OW phase is therefore a semiconductor. This fact is a consequence of the perfect nesting of the normal, , = 0 Fermi surface.
For t" 1 0, there is no longer perfect nesting. As before, the OW induces a direct gap of value 2T. But the spectrum has now a smaller indirect ~ of value 26g given by 2~g = 2T -at" if ,It" > 4, and zero otherwise. In this case, depending on the value of ,/t", the system in the presence of a OW is either a semiconductor or a semimetal.
When a magnetic field is applied, new complications arise. Whereas the DW causes gaps in an otherwise continuous spectrum, the magnetic field quantizes the electronic motion in the two directions perpendicular to it and tends to form 2 either discrete levels and narrow bands if the cyclotron electronic orbits are closed, or complicated continua if they are open. 12-17 The competition between these various effects are the cause of the strange. complex behavior under study here.
CALCULATIONS AND RESULTS
The energy spectrum for various values and orientations of the magnetic field were obtained by means of a transfer-matrix method and a formulation Similar to that of Harper;13 the effective-Hamiltonian approximation of Luttinger and Kohn 17 was employed. Results for fields in the z-direction can be summarized as follows.
(i) For low magnetic fieldS the semiclassical spectra are reproduced. 12
(ii) For intermediate and high fields there is a substantial broadening of all Landau levels.
(iii) For high magnetic fields electron and hole levels are very broad, and the lowest (highest) boundary of the broadened n = 0 electron (hole) level is at an energy very close to ,(-T). As a consequence, the total threedimensional spectra for high magnetic fields have a gap for energies lEI < , and a continuum of states for lEI> T. All k sections contriz bute no states for lEI < , and continuum st~tes for lEI> " just as in the perfect nesting case. In other words, the semimetal1ic system for high enough fields changes to a semiconductor with 6g = ,: there is a semimetal-tosemiconductor transition.
A magnetic field along [011] produces similar but less pronounced effects. A reasonable high magnetic field produces a semiconducting state only for ,/t" > 2.
Energy spectra for magnetic fields along the high-conductivity [100J x-axis are evaluated in the same fashion. No central gaps are obtained if ,It" < 4, i.e., there is essentially no magnetic field effect. .
The critical temperature and its magnetic field dependence can also be calculated in a simple way. A linearization of the dispersion relation (1) for kx in the vicinity of =(n/2a1) and the procedure described in Ref. 6 yields an easily solvable integral equation for the critical temperature T c '
In Fig. 1 the O~ critical temperature Tc as a function of a dimensionless coupling constant ~ is shown. Because of the lack of perfect nesting at H = 0, the OW is stable only for
